Recently, the energy determination of extensive air showers using radio emission has been shown to be both precise and accurate. In particular, radio detection offers the opportunity for an independent measurement of the absolute energy scale of cosmic rays, since the radiation energy (the energy radiated in the form of radio signals) can be predicted using first-principle calculations involving no free parameters, and the measurement of radio waves is not subject to any significant absorption or scattering in the atmosphere. To quantify the uncertainty associated with such an approach, we collate the various contributions to the uncertainty, and we verify the consistency of radiation-energy calculations from microscopic simulation codes by comparing Monte Carlo simulations made with the two codes CoREAS and ZHAireS. We compare a large set of simulations with different primary energies and shower directions and observe differences in the radiation energy prediction for the 30-80 MHz band of 5.2 %. This corresponds to an uncertainty of 2.6 % for the determination of the absolute cosmic-ray energy scale. Our result has general validity and can be built upon directly by experimental efforts for * Corresponding author the calibration of the cosmic-ray energy scale on the basis of radio emission measurements.
Introduction
Ultra-high energy cosmic rays (UHECRs) impinging on the Earth's atmosphere induce huge cascades of secondary particles, so-called extensive air showers. Established techniques for their detection are the measurement of the particles that reach the ground as well as the observation of Cherenkov and fluorscence light emitted by the showers [1] . An important observable for most analyses of high-energy cosmic rays is their energy. It is particularly challenging to pin down the absolute scale of this energy measurement.
Particle detectors need to rely on hadronic interaction models that still exhibit large uncertainties at the highest energies. To avoid this, in particular the fluorescence technique is used to determine the absolute energy scale. Telescopes measure the fluorescence light emitted by air showers. This is proportional to the calorimetric shower energy and allows for an accurate determination of the absolute energy scale with a systematic uncertainty of as good as 14% in case of the Pierre Auger Observatory [2] . However, fluorescence light detection is only possible at sites with very good atmospheric conditions, and precise quantification of scattering and absorption of fluorescence light under changing atmospheric conditions requires extensive atmospheric monitoring efforts.
Another method for the measurement of cosmic rays is the detection of broadband radio emission from air showers [3] . The radio technique combines a duty cycle close to 100% with a precise measurement of the cosmic-ray energy as well as a good sensitivity to the mass of the primary cosmic ray [3, 4] . Furthermore, radio detection has the potential for an accurate determination of the absolute cosmic-ray energy scale [5, 6, 8] . This is possible because there is no relevant absorption of radio waves in the atmosphere, and because the absolute strength of the radio emission can be calculated from first principles given the development of the electromagnetic cascade of an air shower. These first-principle calculations are thus a crucial ingredient in the determination of the energy scale via radio emission.
In addition to the absolute scale predicted by these calculations, also their systematic uncertainties have to be carefully evaluated. Due to the fundamental nature of the calculations, their intrinsic uncertainty can be estimated independent of a specific experiment. At a time where measurement uncertainties decreased below the 10%-level [7] , and consequently even minor uncertainties in the calculations become relevant, we perform a thorough determination of the systematic uncertainty of first-principle calculations of air-shower radio emission. Our result is directly relevant to and usable in all future endeavors to calibrate the absolute energy scales of cosmic-ray detectors via the radio technique. Two mechanisms contribute to the coherent radio emission [3] . The dominant geomagnetic emission induced by time-varying transverse currents in the Earth's magnetic field B is polarized in the direction of the Lorentz force ( v × B) with shower direction denoted by v. The time-varying negative charge excess in the shower front is due to the knock-out of electrons from air molecules and annihilation of positrons in the shower front and gives rise to radiation polarized radially towards the shower core.
In simulations, the emitted radiation can be calculated directly from the movement of the shower particles using classical electrodynamics [3] without the need to explicitly model the two emission mechanisms. Hence, the calculations do not involve any free parameters. However, the Monte Carlo simulation codes use approximations in the simulation of the shower development for computational feasibility, and the numerical implementation of classical electrodynamics might add additional uncertainties. In this work, we estimate the resulting uncertainties by a detailed comparison of the two independent simulation codes CoREAS [9] and ZHAireS [10] .
The radiation energy -the energy emitted by the air shower in the form of radio waves -serves as a universal estimator of the cosmic-ray energy that is independent of the experimental setup and location of a radio detector [5] and is already successfully exploited by the Pierre Auger Collaboration [11] . The radiation energy originates solely from the well-understood electromagnetic part of the air shower and its determination results in a theoretical energy resolution of 3% [12] which is well below current experimental uncertainties. Hence, in the following we use the radiation energy to quantify the accuracy of the calculation of the radio emission in the comparison between CoREAS and ZHAireS.
Systematic Uncertainties of the Prediction of the Radiation Energy
To put our analysis into context, we first recapitulate the main steps needed to determine the cosmic-ray energy from a radio measurement and the systematic uncertainties currently associated with these. As outlined above, the experimental quantity of interest is the radiation energy. So far, only the Pierre Auger Collaboration has measured the radiation energy and reported a systematic uncertainty of 28% [11, 5] . This translates to an uncertainty on the absolute cosmic-ray energy of 14%, as the radiation energy scales quadratically with the cosmic-ray energy. The experimental uncertainty is mainly driven by the uncertainty of the antenna response pattern which was recently reported to have reached a level of 9% (with respect to the cosmic-ray energy) [7, 8] .
The measured radiation energy can then be translated to the energy in the electromagnetic cascade of an air shower (the electromagnetic shower energy) using predictions from air-shower simulation codes [12] . Other air-shower components such as neutrinos and muons do not contribute to the radio emission. Hence, the final step is the conversion from the electromagnetic shower energy to the cosmic-ray energy. A theoretical prediction of the invisible energy connecting the two is difficult as it depends on hadronic interaction models at high energies where their uncertainties are large. However, the Pierre Auger Collaboration has demonstrated that the invisibe energy fraction can be directly determined from data by combining measurements of the fluorescence telescopes and particle detectors, with a systematic uncertainty of 3% [25] .
The purpose of this work is a thorough determination of the systematic uncertainty in the calculation of the radiation energy from the electromagnetic shower energy. Several aspects of this uncertainty have already been studied elsewhere. The current state of these studies is summarized in Tab. 1 and will be shortly summarized in the following.
Hadronic interaction models.
As only the relation between radiation energy and electromagnetic shower energy is of interest, the theoretical prediction is basically independent of the hadronic interaction model. This was studied in reference [12] by exchanging the high-energy model QGSJETII-04 with EPOS LHC and the low-energy model FLUKA with UrQMD. The simulated radiation energies per electromagnetic energy agreed within 0.3%.
Approximations in the air-shower simulation. As a full simulation of all shower particles is not feasible at high cosmic-ray energies due to the large number of shower particles, only a representative sub-sample of particles is tracked. The effect of this approximation was studied in reference [12] , and a suitable thinning level that is sufficiently accurate was determined. A finer simulation (lower thinning level, lower maximum particle weights) then leads to the same amount of radiation energy.
Another approximation is that only shower particles above a certain low-energy threshold are followed. In reference [12] it was found that this approximation influences the radiation energy by less than 1% for the low energy thresholds used in this work.
Here, we continue the important investigation of the influence of approximations in the air-shower simulations and examine the last unstudied approximation that is currently known: the impact of a finite step-length in the simulation code, discussed in section 3.2.
State of the atmosphere. A thorough evaluation of the effects of the state of the atmosphere on the radiation energy depends on the exact location of an experiment and needs to be performed by the authors of the respective experiment. However, the general impact of the atmospheric conditions was determined in reference [12] . The relevant quantity for radio emission is the refractivity. If the refractivity at sea level (which is then scaled with density to higher altitudes) is varied by ±10%, which is already larger than the yearly fluctuations at current experimental sites, the radiation energy changes by ±3% only.
Underlying first-principle calculations. The remaining uncertainty that has not been studied previously and is needed to obtain the complete systematic uncertainty, is the intrinsic uncertainty of the underlying first-principle calculations. This remaining aspect is studied thoroughly in this work by comparing predictions of the two independent codes CoREAS and ZHAires for configurations and input parameters set as similar as possible.
While comparisons of the two simulation codes have been made in the past, and an agreement of the predicted radiation energies at the 5% level has been reported in reference [5] , none of the comparisons performed so far have been systematic. The value reported in reference [5] , e.g., was only determined for one particular cosmic-ray energy and one particular event geometry. Furthermore, differences in the underlying calculations such as source of uncertainty uncertainty of radiation energy hadronic interaction models [12] 0.3% approximations in the air-shower simulation particle thinning [12] < 0.3% energy thresholds of shower particles [12] < 1%
state of the atmosphere [12] < 3% underlying first principle calculations <5.2% Table 1 : Systematic uncertainties of the calculation of the radiation energy from the electromagnetic shower energy.
different treatments of the refractive index profile of the atmosphere, were not addressed in the comparison. Here, for the first time, we present a systematic study of the uncertainties in the first-principle calculations of the radiation energy of extensive air showers. We find an agreement between CoREAS and ZHAireS within 5.2% in the calculation of the radiation energy. Correspondingly, the uncertainty in the determination of the absolute energy scale amounts to 2.6%. The uncertainty of the first-principle calculations thus turns out to dominate the overall theoretical uncertainty, cf. table 1. Nevertheless, the theoretical uncertainty remains lower than the experimental uncertainty of ≈ 9% achieved to date. The details of the comparison are reported in the following.
Simulation Setup
For the simulation of the air showers, the two different codes CORSIKA 7.4100 and Aires 2.8.4a are used. The extensions CoREAS and ZHAireS are enabled for the computation of the radio emission. Both codes calculate the radio emission from pure electrodynamics applied to each particle in the simulation, but use different formalisms. In CoREAS the "endpoint formalism" [13] is used, whereas in ZHAireS both time-domain and frequency-domain implementations of the "ZHS algorithm" [14, 15] are available. In this work, the time-domain implementation is used. A previous comparison of the electric field strengths predicted by the two formalisms for particle showers in a dense target showed agreement [16] to within better than 5%. The Earth's curvature is taken into account by both codes.
An accurate model of the atmosphere is needed for a proper simulation of the radio emission. For both codes we use a 5-layer model, namely Linsley's parametrization of the US standard atmosphere as detailed in the CORSIKA user's guide [17] . For the scaling of the air refractivity n−1 to higher altitudes CoREAS adopts n − 1 as proportional to the air density, while ZHAireS uses a simple exponential scaling. To eliminate effects of the refractivity model in the comparison, the CoREAS code has been modified to use a ZHAireS-like simple exponential scaling for the refractivity.
To model the high energy interactions we consistently use SIBYLL 2.1 in both cases as this is the only model available in both air shower simulation codes. Although SIBYLL 2.1 is outdated and produces different results than the updated version SIBYLL 2.3 we can nevertheless use this model to compare the underlying computation of the radio emission. However, the results presented here should not be used to infer an absolute relation between the radiation energy and the electromagnetic shower energy.
We simulate 1000 proton-and 1000 iron-induced air showers with each code. The primary energies follow a uniform distribution of the logarithmic energy between 10 17 eV and 10 19 eV. The azimuth angle is distributed uniformly between 0
• and 360
• and the zenith angle uniformly between 0
• and 75
• . The geomagnetic field is set to an inclination of −35.7
• with a field strength of 0.243 G. The refractivity at sea level is set to n − 1 = 2.92 × 10 −4 . These settings correspond to the environmental conditions of the Engineering Radio Array [18] of the Pierre Auger Observatory [19] .
Calculation of the Radiation Energy
All simulations used in this study are band-passed with a digital filter to the 30-80 MHz band, which is the typical band used in cosmic-ray radio detectors today. To ensure an identical bandwith after the filtering the CoREAS traces are zero-padded to match the length of the ZHAireS traces.
The computing time of the simulations increases almost linearly with the number of simulated antennas. Thus, it is unfeasible to simulate signals for large numbers of antennas and sample the full two-dimensional emission pattern for a big set of simulated air showers. To extract the charge-excess and geomagnetic components individually one can simulate nearly the same showers with and without a magnetic field [20] . Here, we follow the method developed in [12] : It is sufficient to simulate only antennas on the v × ( v × B) axis, as here the polarization of the charge excess and the geomagnetic components decouple.
Assuming that the geomagnetic and the charge excess components are in phase and that their individual lateral distribution functions are radially symmetric we can calculate the total radiation energy as an integral of the energy fluence f as
In the following, 30 antennas are placed on the v × ( v × B) axis in each simulation such that the complete radio-emission footprint is covered. We follow the prescription of [12] to adjust the antenna spacing which ensures an adequate sampling of the radio signal distribution, such that the uncertainty of the numerical integration can be neglected.
This one-dimensional approach results in a slight and well-understood overestimation in the radiation energy compared to a two-dimensional integration over the complete radio footprint [12] . To exclude any potential difference between CoREAS and ZHAireS resulting from the one-dimensional approximation, we resimulate a subset of 250 air showers on a full two-dimensional grid and compare with the one-dimensinal simulation. An overestimation of 3.36 % (3.12 %) is found for CoREAS (ZHAireS) when using the one-dimensional calculation. To correct for this bias, E rad will be reduced accordingly in the following analysis.
Influence of Technical Parameters of the Simulation Codes
To make the simulations of both codes comparable, we set technical parameters to the same values or ensure that they have no influence on the radiation energy. In particular, parameters that control approximations in the MC code are chosen such that the radiation energy is not impacted. For CoREAS, the influence of several technical parameters has already been studied in [12] . This included in particular the low-energy thresholds of the particles in the air-shower simulation, the thinning level, and the choice of hadronic interaction model. As the ZHAireS codes handles some approximations differently, we repeat some of these checks here.
In particular, an individual study is made to exclude any influence of the different thinning algorithms used in the simulations. In CORSIKA, a thinning level of 10 −5 with optimal weight limitation [21] is found to be sufficient. In Aires, the thinning is controlled by two parameters, the thinning level and a statistical weight factor. A thinning level of 10 −5 with a statistical weight factor of 0.06 is found to be sufficient. We also reaffirmed that the choice of the low-energy hadronic model has no influence on the radiation energy in CoREAS. No significant differences were found between the two tested models FLUKA [22] and UrQMD [23] . Hence, UrQMD is used for convenience.
CoREAS applies the endpoint formalism [13] for the calculation of the radio emission. This formalism becomes numerically unstable very near the Cherenkov angle, where CoREAS thus falls back to a treatment equivalent to the ZHS formalism [14] . We verified that the threshold at which this fallback is made in CoREAS does not influence the radiation energy. As the ZHS algorithm relies on the Fraunhofer approximation which requires that the simulation step is small with respect to the wavelength and distance from the observer to the shower particle, we also verified that the step sizes used in the ZHS-fallback calculation are indeed chosen small enough.
Another approximation that influences the radiation energy and which has not been considered in previous work is the step size in the Monte Carlo simulation of the electromagnetic cascade. In CoREAS, the current default values were tuned to achieve a good compromise between computational speed and accuracy for the demands of particle detectors and fluorescence telescopes. For an accurate calculation of the radio emission we find that a finer simulation of the electromagnetic cascades is required. In contrast, the ZHAireS code already uses step sizes tailored explicitly to accomodate radio simulations, but unfortunately does not allow for a modification of the step sizes via an external parameter. Furthermore, there is no simple way to consistently modify the code itself [24] . We therefore focus on the CoREAS code here.
In CORSIKA, the "STEPFC" parameter allows us to modify the electron multiple scattering length factor in the underlying EGS4 simulation from the default setting. By reducing this factor, we achieve a finer simulation of the particle cascade. We analyze the impact on the radiation energy by studying proton-initiated air showers with an energy of 10 17 eV and a zenith angle of 50
• coming from the south. For each different setting of the parameter, we simulate 40 air showers to minimize the impact of showerto-shower fluctuations. We observe that the radiation energy increases and converges towards a level of 11% above the value obtained with default settings when we decrease the step sizes up to a factor of 20 (i.e., set STEPFC = 0.05). For even smaller step sizes (we simulated air showers with up to a factor of 200 smaller step sizes), the radiation energy remains at the same level (cf. Fig. 1) . In a separate analysis we confirmed that this increase in radiation energy is a global factor which is independent of the geometry and the energy of the air shower.
To judge the consistency of the step sizes in CORSIKA and in ZHAireS, we studied the average step sizes adopted in both codes as a function of altitude. We find that the step sizes in ZHAireS are slightly larger than in CoREAS with STEPFC = 0.05. At an altitude of 4 km to 5 km the average step size amounts to 0.34 m (0.49 m) in CORSIKA (ZHAireS). At an altitude of 11 km to 12 km the average step size corresponds to 0.68 m(0.67 m). For even higher altitudes, the step size in ZHaireS becomes smaller than in CoREAS. This result is in accordance with the fact that the step sizes in ZHAireS have already been tuned from the original Aires air-shower simulation code to be sufficiently small for the Fraunhofer approximation used in the ZHS algorithm.
A thorough analysis of the influence of the step sizes in ZHAireS is desirable, but beyond the scope of this paper. However, we can use the result of Fig. 1 to estimate by how much the radiation energy in ZHAireS can potentially increase with decreasing step size. The largest difference is found at small altitudes and amounts to a factor 1.4 larger step sizes in ZHAireS than in CORSIKA with STEPFC = 0.05. We can interpret this as an effective STEPFC parameter of 0.05 × 1.4 = 0.07. Interpolating between the data points of Fig. 1 and reading off the value for STEPFC = 0.07, we find that the radiation energy could be ∼1% higher if smaller step sizes were used in ZHAireS. For higher altitudes, the potential increase becomes even smaller. Hence, we can conclude that the differences in step sizes in CoREAS (with STEPFC = 0.05) and ZHAireS do not lead to differences larger than 1%.
In the following, we will carry out the comparison of the two codes using the default setting for the simulation step size in ZHAireS, but the optimized STEPFC = 0.05 setting for CoREAS. This ensures an adequately small step size in both codes and allows for a direct comparison.
CoREAS-ZHAireS Comparison
The radiation is almost solely emitted by the electromagnetic part of the air shower. Due to the much lower charge-to-mass ratio, muons hardly emit radiation and can be neglected. Hence, the emitted radiation correlates best with the energy of the electromagnetic cascade. A measurement of the invisible energy, i.e., the amount of cosmic-ray energy not entering the electromagnetic cascade, as a function of the electromagnetic energy is presented in [25] . Combining both approaches allows us to compute the primary cosmic-ray energy from the energy radiated in the form of radio waves by the electromagnetic cascade.
However, the radiation energy does not depend solely on the electromagnetic shower energy but shows second-order dependences on the angle between the shower axis and the geomagnetic field which modulates the dominant geomagnetic emission, the air density at the shower maximum, and the relative strength of the charge-excess emission which is again a function of the air density at the shower maximum [12] . The corrected radiation energy S rad can then be expressed as:
where α is the geomagnetic angle, i.e. the angle between geomagnetic field and shower direction, ρ(X max ) is the air density at the shower maximum X max and a denotes the relative charge-excess strength which is defined as
Here, E ce rad and E geo rad are the radiation energies originating from the chargeexcess and geomagnetic components, respectively. The square root is taken for consistency with previous work where the electric field amplitude was used instead of the radiation energy.
We will use the power law
to describe the dependency between the corrected radiation energy S rad and the electromagnetic shower energy E em . Then, A determines the absolute energy scale and the difference in A of the fits for CoREAS and ZHAireS can be used as an estimate for the systematic uncertainty in their predictions.
Charge Excess Fraction
Because we use a simple exponential scaling of the refractivity with height, we do not use the parametrization of a(ρ) of [12] but redo the parametrization. The calculation of the radiation energy from the v × ( v × B) axis allows us to decompose the radiation energy into a geomagnetic and a charge excess part. This is because the polarization of the two emission mechanisms is orthogonal along this axis.
For each simulated shower, the radiation energy originating from the geomagnetic and the charge excess emission is calculated independently and the charge excess fraction is computed. It depends on the air density at the shower maximum ρ(X max ) near which most radiation is emitted [12] . Using the US standard atmosphere after Linsley, we can calculate ρ(X max ) from X max and the zenith angle θ.
An exponential function of the form
is used to parametrize this dependency. Here, ρ( X max ) = 0.65 kg m −2 is the air density at the shower maximum for an average zenith angle of 45
• and an average X max = 669 g cm Table 2 : Best fit parameters for CoREAS and ZHAireS using 1000 proton-and 1000 iron-induced showers.
energy of 1 EeV and a 50 % proton/50 % iron composition [26] . The value is used here for consistency with previous studies [12] ; the origin from a different interaction model does not influence the validity of our results.
We fit Eq. (5) to our data. In Fig. 2 , the predicted charge excess fractions and the fit are shown for both codes. The color code indicates that most outliers are air showers with a small sin α value which have a limited relevance for experimental data. Comparing the two fitted functions shows a good agreement between CoREAS and ZHAireS. A deviation is found for showers with a high density at the shower maximum which corresponds to showers with small zenith angles. The spread is 8 % in the case of CoREAS simulations and 5 % for ZHAireS simulations.
Radiation Energy
With the parametrization of the charge-excess strength a we can use Eq. (2) to calculate the corrected radiation energy. For each code we use the individual fit results for the charge excess fraction. By inserting Eq. (2) in Eq. (4) we can fit p 0 and p 1 (the parameters that describe the dependence on the air density) together with A and B. The results are given in table 2, the correlations between the corrected radiation energy and the electromagnetic energy are shown in Fig. 3 . The slope B is equal to two as it is expected for coherent emission. Looking at the deviation of data and fit a scatter of 7 % is found. The difference in the absolute predictions of the radiation energy between CoREAS and ZHAireS is given by the ratio of A CoREAS /A ZHAireS . We observe a difference of 4 % which corresponds to a difference in the electromagnetic energy of 2 %.
To exclude any influence on the CoREAS-ZHAireS difference from a different parametrization of a(ρ) and the air-density correction (parameters p 0 and p 1 ), we repeat the fit of the parameters A and B with the same corrections 
CoREAS ZHAireS

A
1.6897 ± 0.0011 1.6062 ± 0.0011 B 2.0012 ± 0.0005 1.9997 ± 0.0005 Table 3 : Best fit parameters for CoREAS and ZHAireS with the combined corrections using 1000 proton-and 1000 iron-induced air showers. for CoREAS and ZHAireS. To do so, we first repeat the fit of Eq. (5) on a combined set of the charge excess fractions of both codes to obtain a single set of parameters q i . Calculating the corrected radiation energy (Eq. (2)) with these parameters, we repeat the fit of the air-density correction and the power law on the combined data set to obtain the combined correction factors p i . Then, we fit the power law individually for each code with the combined parameters p i . Applying the combined corrections, the differences between CoREAS and ZHAireS are not artificially reduced by corrections optimized for each code individually. We observe a 5.2 % larger value for A obtained with CoREAS in comparison with ZHAireS, which corresponds to a difference in the electromagnetic energy of 2.6 %. Details of the fit are given in table 3. The individual and the combined parameters are summarized in table 4.
CoREAS
Additional Checks
Additional checks were performed to validate the agreement between the predictions of the two codes in more detail. We compared simulations of both codes with different refractivities at sea level and with different magnetic field strengths. No significant differences between CoREAS and ZHAireS were observed. We also checked the influence of different primary particles. Both programs predict around 3 % more radiation energy for a proton-induced air shower than for an iron-induced one with the same electromagnetic energy. The reason for this effect is unknown, but this interesting result implies a sensitivity of the radio emission to the mass composition in addition to the wellknown difference in the fraction of the energy going into the electromagnetic cascade.
A last check is performed directly on the full two dimensional lateral distribution function. In the shower plane, the LDF of the energy fluence can be described as [11, 27] 
Conclusion
The measurement of ultra-high energy cosmic rays via radio emission from extensive air showers allows for an accurate determination of the cosmic-ray energy scale. A crucial ingredient to this determination is the calculation of the radio emission from air showers on the basis of classical electrodynamics.
In this work, we have studied the accuracy of first-principle calculations of the radio emission from extensive air showers. As the radiation energy in the radio signal of air showers is a universal estimator of the cosmic-ray energy and thus independent of a specific experiment, also our estimate of the accociated systematic uncertainties is a universal quantity that applies equally to all air-shower radio experiments. Experimental efforts for the determination of the cosmic-ray energy scale on the basis of radio-emission measurements can thus directly build on our result and need not re-investigate the systematic uncertainties arising from the underlying first-principle calculations.
We determine this uncertainty by comparing the results of the two independent simulation codes CoREAS and ZHAireS. Technical parameters relevant to the simulations were set to the same values or were validated to not have any influence on the calculation of the radiation energy. We find that the step size chosen in the air-shower simulation has relevant influence on the predicted radio emission. For an improved estimation of the energy fluence by CoREAS, the STEPFC parameter governing the step sizes in the simulation should be reduced by a factor of 20 to 0.05. The decrease in step size results in an increase of the calculated energy fluences by 11%. Previous comparisons between measured data and CoREAS simulations might benefit from taking this modification into account. The predicted electric field amplitudes are expected to increase by approximately 5 % with respect to the default configuration. However, such a change is well below current experimental systematic uncertainties. To estimate the influence of the simulation step size in the ZHAireS code, where it cannot be user-configured, we compared the adopted step sizes between CoREAS and ZHAireS. We found that the step sizes in ZHAireS are already close to the optimal step sizes of CoREAS so that the ZHAireS predictions of the energy fluences should not increase by more than 1% with further decreased step sizes.
A set of 1000 proton-and 1000 iron-induced air showers was simulated to study the differences between the predictions of CoREAS and ZHAireS. To perform the comparison of the predicted radiation energies, we corrected them for the geomagnetic angle, the relative charge-excess strength, and the air density at the shower maximum. The relative charge-excess strength itself depends on the air density at the shower maximum and we verified that the two simulation codes show essentially the same behavior. After these corrections, the radiation energy correlates well with the electromagnetic energy of the air shower. The correlation can be expressed as a quadratic power law.
We find good agreement between the absolute predictions of CoREAS and ZHAireS, with CoREAS predicting 5.2% higher radiation energies. This comparison was made with optimized step sizes in the CoREAS code. For ZHAireS a further optimization of simulation step sizes can only decrease the observed difference by an estimated 1%, leading to an improved agreement. We thus conservatively quantify the difference in the radiation energy predictions of CoREAS and ZHAireS as 5.2 %.
If this deviation is interpreted as a systematic uncertainty on the absolute prediction of the radiation energy with first-principle calculations, the uncertainty in the determination of the absolute scale of the electromagnetic energy amounts to 2.6 %. Monte Carlo predictions of the radiation energy of extensive air showers in the 30-80 MHz band can thus be used to set an accurate absolute energy scale for cosmic ray detectors.
